Since the discovery of interferon-a/b (IFN-a/b) over 50 years ago, this family of cytokines has proven to be a critical regulator of innate immunity via its pleiotropic actions on virtually all somatic cell types. Interferon-a/b was first reported in 1957 by Isaacs and Lindenmann as an activity that 'interfered' with influenza A infection. 1, 2 Type I interferon is a family of highly related monomeric secreted proteins. 3 In humans, there are approximately 20 IFN-a subtype genes in addition to individual genes encoding IFN-b, -j, -e and -x. In mice, there exists an additional region of gene duplications resulting in approximately 20 genes encoding IFN-f isoforms (also known as 'limitin'). 4 Interferon-a/b programmes a state of resistance to intracellular pathogens and serves to alarm cells of both innate and adaptive immunity to the threat of infections. As such, IFN-a has been used therapeutically for over 25 years to treat hepatitis B and chronic hepatitis C as well as other viral infections. 5 The antiviral effects of IFNa/b have been appreciated since its discovery but many other unique biological properties of IFN-a/b have been revealed and harnessed for the treatment of multiple sclerosis and a variety of cancers. However, in these cases, it
is not clear what specific immunological processes are being modulated by IFN-a/b to mediate these disparate effects.
Considering the numbers of IFN-a/b subtype genes, remarkably only one IFN-a/b receptor (IFNAR) has been identified, which is ubiquitously and constitutively expressed. 3 All IFN-a/b isoforms tested can bind the IFNAR, albeit with varying affinities. However, IFN-a/b gene products bind the IFNAR in a species-specific fashion. Only one subtype of human IFN-a [recombinant hIFN-a (A/D)] has been shown to cross-react with the murine IFNAR and can activate both human and mouse cells. Although there is divergence in the structure and sequence of type I interferons and their receptor across species, many biological activities are shared.
The IFNAR is a heterodimeric complex composed of two type I transmembrane subunits designated R1 and R2. Both the human and mouse IFNARs are constitutively associated with the janus kinases (JAKs) Jak1 and Tyk2 (reviewed in ref. 3) . Before cytokine activation, the N-terminus of signal transducer and activator of transcription 2 (STAT2) mediates an interaction with the cytoplasmic tail of the IFNAR2. 6 Pre-association of STAT2 with the IFNAR is a required step for IFN-a/b signal transduction, and we will discuss the role of STAT
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8 The STAT1-STAT2 heterodimer then associates with interferon regulatory factor-9 to form the interferon-sensitive gene factor-3 (ISGF3). The ISGF3 regulates expression of the majority of interferon-sensitive genes (ISGs) by directly transactivating interferon-sensitive response elements found within their promoters.
Interferon-a/b is primarily induced by viral infection but can also be secreted in response to a variety of biological stresses including bacterial infection, UV irradiation, inflammation and heat shock. 9, 10 Virtually all cells have the inherent capacity to secrete some level of IFN-a/b in response to certain viral infections. However, professional antigen-presenting cells, particularly plasmacytoid dendritic cells (pDCs), are a key source of IFN-a/b. Plasmacytoid DCs are a specialized subset of DCs whose maturation is guided by innate cytokines [interleukin-3 (IL-3), Flt2 ligand, granulocyte-macrophage colony-stimulating factor and IL-4] and signalling through pattern recognition receptors during infections. 11, 12 These signals promote the secretion of a variety of innate cytokines, notably IL-12, IL-18, and importantly, IFN-a/b. 11, 13, 14 Although these cells are not as efficient at activating CD4 + T cells as monocyte-derived DCs because of their lower expression of MHC-II, pDCs play a significant role in promoting T helper priming through cytokine secretion. 15, 16 In this review, we will survey recent advances in delineating the direct from the indirect effects of IFN-a/b in regulating the development of T-cell effector responses and its novel role in promoting T-cell memory.
IFN-a/b signalling and regulation of effector and memory CD4 + Th1 cells
Since the discovery of CD4 + T-cell subsets, a major quest in T-cell biology has been to understand the signals that control the differentiation of these subpopulations. One of the first signals identified was found to control T helper type 1 (Th1) differentiation, with IL-12 being the key cytokine governing this pathway. [17] [18] [19] Binding of IL-12 to its receptor (IL-12R) on CD4 + cells triggers the activation of the JAKs Jak2 and Tyk2, 20 leading to the phosphorylation and activation of STAT4. 21, 22 Phosphorylated STAT4 plays a critical role during Th1 commitment by promoting expression of T-bet, [23] [24] [25] [26] and recent studies have defined unique roles for both STAT4 and T-bet in regulating IFN-c gene expression within committed Th1 cells. 27 Finally, IFN-c enhances both T-bet and IL-12Rb2 expression, reinforcing IL-12-mediated Th1 commitment. 28, 29 Hence, in both mice and humans, IL-12 signalling through STAT4 and T-bet was established as a key pathway to IFN-c production and the Th1 phenotype.
In parallel studies, the role of IFN-a/b in Th1 development was examined with seemingly conflicting results. In mouse, STAT4 activation was not detected in response to IFN-a/b compared with IL-12, 22 yet studies with human cells reported just the opposite, suggesting a species difference in IFN-a/b-mediated STAT4 phosphorylation. [30] [31] [32] However, as new and more specific reagents became available, low levels of phosphorylated STAT4 could be detected in mouse cells in response to IFN-a/b. 33 The apparent species difference in STAT4 activation was found to involve STAT2. 32 Like the IFNAR, STAT2 is also highly divergent across species, and the mouse sequence harbours a unique minisatellite sequence in the C-terminus that is not found in any other species. Moreover, the human STAT2 C-terminus was found to be critical in regulating IFN-a/b-dependent STAT4 activation in human cells, as the mouse STAT2 C-terminus failed to reconnect STAT4 recruitment to the human IFNAR. 34, 35 In an effort to determine the significance of the species-specific difference in STAT2, a knock-in mouse was generated in which the C-terminus of murine STAT2 was replaced with the human sequence, resulting in a chimeric mouse/human STAT2 molecule. 36 Interferon-a/b treatment of STAT2 knock-in CD4 + T cells led to normal ISGF3 formation and ISG expression. However, IFN-a/b did not promote STAT4 phosphorylation or IFN-c expression in CD4 + T cells expressing the chimeric STAT2 molecule. Hence, although the C-terminus of human STAT2 was required in human cells to promote efficient STAT4 phosphorylation in response to IFN-a/b, it was not sufficient to restore this pathway in mouse cells. Indeed, recent studies have highlighted the importance of STAT N-terminal domains in coordinating additional contacts with cytokine receptors that form the preassembled complexes necessary for cytokine-driven STAT activation. 6, 37, 38 Specifically, the STAT4 N-terminus was found to be critical for IFN-a/b-dependent STAT4 activation through specific contacts made with the human, but not mouse, IFNAR2 subunit. 39 These studies have revealed additional levels of complexity of cytokine receptors and their underlying molecular interactions that coordinate STAT activation.
Although the biochemical nature of STAT4 tyrosine phosphorylation differed quantitatively between mouse and human, there still remained the issue regarding the function of IFN-a/b-dependent STAT4 activation during Th1 commitment. Given the pronounced role of IL-12 signalling through STAT4 to drive Th1 commitment, these early studies assumed that any signalling pathway that activated STAT4 would promote Th1 development. Recent studies have challenged this assumption. Virtually all receptors that signal via the JAK/STAT pathway promote STAT tyrosine phosphorylation within minutes following receptor engagement. However, the duration of signalling varies between receptors and among STAT family members. Hilkens and colleagues 40 first demonstrated a clear difference in the duration of STAT4 tyrosine phosphorylation between IL-12 and IFN-a/b signalling in human CD4
+ T cells, with IL-12 promoting sustained STAT4 activation compared with IFN-a/b signalling. The inability of IFN-a/b to maintain STAT4 activation was correlated with a marked deficit in IFN-a/b-dependent Th1 development. Further kinetic comparisons of IL-12 and IFN-a/b clearly demonstrated that while IL-12 promoted STAT4 phosphorylation up to 24 hr, STAT4 was rapidly dephosphorylated within 6 hr of IFN-a/b stimulation. 26 As a result, only cells treated with IL-12 expressed sustained levels of T-bet sufficient for IFN-c secretion and Th1 commitment. Hence, while IFN-a/b may be more efficient at promoting acute STAT4 phosphorylation in human cells than in mouse, IFN-a/b cannot sustain STAT4 phosphorylation and is therefore not sufficient to drive Th1 commitment in either species. 33, 36, 41, 42 The in vitro differentiation studies described above can only address issues of sufficiency for a cytokine to regulate the development of specific phenotypes. However, when assessed in vivo, IFN-a/b signalling seemed to contribute to Th1 development. 43, 44 Likewise, mice deficient in IL-12 were still able to generate Th1 cells in response to murine hepatitis virus infection, demonstrating that multiple pathways were involved and may be required for Th1 development. 45 One possible pathway involves IL-18, which was shown to synergize with IFN-a/b to activate STAT4 in the absence of IL-12. 46, 47 Interferon-a/b also promotes the expression of IL-21 and the IL-21R in T cells. 48 As IL-21 induces Th1-associated genes, possibly in synergy with IL-18, this may represent another pathway by which IFN-a/b contributes to Th1 development. 49, 50 Taken together, these studies suggest that while IFN-a/b is not sufficient to drive Th1 commitment via direct and sustained STAT4 activation, it contributes to Th1 responses in vivo by collaborating with other cytokines that are differentially induced in response to various classes of pathogens.
Finally, IFN-a/b may play a broader role in CD4 + T-cell functions by regulating the development and stability of long-lived memory cells. Although IFN-a/b may promote cell cycle arrest and, in some cases, apoptosis in certain cell types, CD4 + T cells respond quite differently depending upon their activation status. Marrack et al. 51 demonstrated that IFN-a/b protected cells from undergoing acute activation-induced cell death. Though not directly driving proliferation, IFN-a/b seemed to block apoptosis following antigen stimulation in vitro, which may be related to the development of long-lived central memory cells. As central memory cells were first described as having decreased effector capabilities, they display enhanced recall proliferation coincident with elevated secretion of IL-2. 52 Recently, Davis et al. 53 demonstrated a direct role for IFN-a/b in promoting the development of human central memory-like CD4 + T cells and preserving elevated IL-2 expression preferentially within these cells versus their effector cell counterparts. Hence, IFN-a/b acts to prevent terminal differentiation of effector CD4 + T cells by selectively regulating IL-2 expression at the expense of driving inflammatory cytokine secretion.
Negative regulation of Th2 and Th17 differentiation T helper type 2 development can be influenced by such cytokines as IL-33 and thymic stromal lymphopoietin, 54, 55 but IL-4 remains the primary signal that drives Th2 commitment from naive precursors. 55, 56 The Th2 differentiation involves the integration of signals both from the T-cell receptor and from IL-4 signalling via STAT6, which culminates in the induction of the GATA3 transcription factor. GATA3 subsequently promotes transcription at the Th2 cytokine locus containing the IL-4, IL-5 and IL-13 genes. This pathway also acts acutely to inhibit expression of the IL-12Rb2 subunit. 57 Consequently, induction of GATA3 serves to block Th1 development while positively regulating Th2 commitment. Moreover, while there seems to be some level of plasticity in Th2 cells, 58 GATA3 is involved in an autoregulatory feedback loop that maintains Th2 commitment even in the absence of further IL-4 signalling. 59, 60 Hence, autoregulation by GATA3 represents an important stabilizing mechanism for Th2 commitment. However, early reports demonstrated that IFN-a/b could inhibit IL-5 secretion and eosinophil migration during allergic responses. 61, 62 Furthermore, IFN-a/b treatment of bulk CD4 + T cells during acute stimulation seemed to inhibit IL-5, but not IL-4 or IL-13. This was somewhat curious considering the dominant role played by IL-4 and GATA3 in Th2 effector function. Yet, despite these and other similar studies, one central question remained: can IFN-a/b regulate the ability of IL-4 to drive Th2 differentiation?
Recently, Huber et al. 63 found that unlike the Th1-promoting cytokines IL-12 and IFN-c, IFN-a/b potently and specifically inhibited the ability of IL-4 to drive Th2 differentiation of human cells but not murine cells. Moreover, IFN-a/b destabilized pre-committed Th2 cells and blocked Th2 cytokine expression. Interferon-a/b also reduced expression of the Th2 marker, CRTH2. It appears to do this, at least in part, by suppressing mRNA and protein levels of GATA3, which is critical for expression of CRTH2 as well as Th2-associated cytokines. While the underlying mechanism of GATA3 suppression is not yet clear, there are a few clues. First, as neither IL-12 nor IFN-c inhibits Th2 commitment, the effect is not likely to be mediated by STAT4 or STAT1. Furthermore, the inhibition of Th2 cells by IFN-a/b paralleled recent studies demonstrating that type-III interferon (IFN-k) can also suppress Th2 responses. 64 Since both IFN-a/b and IFN-k activate STAT2 and drive ISGF3 complex formation, 65 STAT2 may play a crucial role in suppressing human Th2 development.
In addition to Th2 cells, there is increasing evidence that Th17 cells contribute to a variety of inflammatory processes involved in autoimmunity and allergic diseases. 66 The Th17 cells are regulated by combined signalling via transforming growth factor-b, IL-6, IL-23 and IL-1b, culminating in the induction of the transcription factor retinoic acid-related orphan receptor cT. 67 T helper type 17 cells mediate a variety of inflammatory reactions through their selective secretion of IL-17A, IL-17F and IL-22. 68 However, unlike IL-4-mediated Th2 development, a variety of signals can block Th17 commitment including IFN-c, IL-4 and IL-12. Interferon-a/b was also demonstrated to negatively regulate Th17 development in mice, 69 and the suppression of Th17 development by IFN-a/b has recently been extended to human Th17 cells. 70 Consequently, Th17 cells represent a more flexible developmental programme that can be counter-regulated by various signals, particularly by IFN-a/b. Given the use of IFN-b clinically for the treatment of multiple sclerosis, a disease associated with increased inflammation and IL-17 levels in the central nervous system, 71 the ability of IFN-a/b to limit Th17 cells may explain the effectiveness of this treatment. 72 Furthermore, the ability of IFN-a/b to inhibit Th2 and Th17 cells suggests that it may play a key role in controlling allergic responses.
The importance of IFN-a/b-mediated suppression of allergic T cell subsets is underscored by studies demonstrating that pDCs from asthma patients secrete less IFN-a/b than healthy donor pDCs in response to viral infections and toll-like receptor (TLR) ligands. [73] [74] [75] Likewise, Gill et al. 76 compared the induction of IFN-a by influenza virus in pDCs isolated from patients with asthma or healthy subjects and found that influenza virus infection promoted significantly less IFN-a secretion by pDCs from patients with asthma patients. Considering recent observations that IFN-a blocks Th2 development and stability, 63 we propose that the defect in IFN-a production in pDCs from patients with asthma may skew T-cell priming toward Th2 development. It has been suggested that the reduction in IFN-a/b secretion during upper respiratory viral infections may lead to exacerbated lung pathology in those with asthma because of the inability of innate secretion of IFN-a/b to control viral replication in the lungs. 75 While this is possible, asthma exacerbation by viruses may also be attributed to the lack of counter-regulation normally provided by IFN-a/b. Given that respiratory viral infections, such as RSV, have been linked to the induction of asthma, it is possible that the inflammation accompanying these infections supports priming of bystander allergen-specific Th2 cells. Furthermore, as people with asthma encounter recurrent infections, the lack of IFN-a secretion may allow additional Th2 priming.
Although pDCs are a significant source of IFN-a/b secretion during viral infections, these cells also express relatively elevated levels of the high-affinity IgE receptor IFN-a, and IgE cross-linking blocks IFN-a secretion even in pDCs from healthy controls in response to influenza virus, suggesting both an intrinsic and extrinsic mechanism for IFN-a suppression. Hence, IFN-a/b seems to be a key focal point of reciprocal antagonism by antiviral and allergic responses. As mentioned earlier, IFN-a/b promotes IL-21 secretion, which is reported to negatively regulate both IgE production and allergic rhinitis. [78] [79] [80] These findings are supported by early studies demonstrating that IFN-a/b can suppress IgE class switching during B-cell priming. 81, 82 In summary, IFN-a/b may prove to be a potent cross-regulatory signal to block Th2/Th17 development as well as IgE production, which underscores its potential therapeutic use in atopic diseases. The role of IFN-a/b in modulating CD4 + Th responses is summarized in Fig. 1 .
Regulation of effector and memory CD8 + T cells
In CD4 + T cells, IL-12 dominates as a unique signal driving effector Th1 commitment in both mice and humans. 26, 40, 41 Although IFN-a/b may play ancillary roles in effector Th1 commitment, the two signals are not redundant. However, this division of labour may not be so distinct in CD8 + T cells, particularly in the mouse. Both IL-12 and IFN-a/b have been reported to enhance CD8 + T-cell effector activity. One of the first studies examining the role of IL-12 in CD8 + T-cell effector function concluded that neither IFN-c secretion nor cytolytic activity was regulated by IL-12. 83 This study also demonstrated that STAT4 knock-out CD8 + T cells could become functional effector cells, albeit to a lesser extent than wild-type cells. However, Mescher and colleagues [84] [85] [86] [87] have recently proposed that both IL-12 and IFN-a/b can act as a 'third signal' to promote both IFN-c secretion and expression of perforin and granzymes in murine CD8 + cells. Furthermore, both IL-12 and IFN-a/b were found to markedly enhance cytolytic activity, and these effects were dependent upon STAT4. 86 Based on these observations, it was concluded that IL-12 and IFN-a/b shared redundant roles in the regulation of CD8 + development and effector function.
Interferon-a/b can play a significant role in priming effector responses and maintaining pools of memory cells via indirect actions through other cytokines and by enhancing antigen presentation. For example, IFN-a/b can act indirectly on innate cells to elicit IL-15 secretion, and perhaps IL-15 alone or in combination with IFN-a/b can drive homeostatic proliferation and maintenance of memory CD8 + T cells in vivo. + expansion in response to lymphocytic choriomeningitis virus (LCMV), but less so in response to vaccinia virus or Listeria monocytogenes infections. 44 Based on this observation, it was postulated that antigenic load may contribute to CD8 + dependence on IFN-a/b for full expansion, as LCMV viral titres are much higher during the peak of the infection than vaccinia virus titres. Furthermore, a recent study demonstrated that CD8 + responses to Trypanosoma cruzi were completely independent of IFN-a/b signalling. 95 This is somewhat surprising given the dependence on IFN-a/b during cross-priming reported by Tough and colleagues. Nonetheless, all of these reports highlight the potential for IL-12 and IFN-a/b to significantly regulate CD8 + effector responses, which were originally reported to be IL-12-and STAT4-independent.
Interleukin-12 and IFN-a/b may also play distinct roles in regulating CD8 + T-cell memory development. First, although IL-12 has been reported to play a positive role in generating CD8 + effector cells, it seems to have an inverse role in generating memory cells. Pearce et al. 96 recently demonstrated that the kinetics and magnitude of the CD8 + memory response to L. monocytogenes were significantly enhanced in IL-12Rb2 )/) cells. This observation correlated with enhanced CD8 + memory in T-bet knockout mice, as IL-12 has been reported to positively regulate T-bet expression. 97, 98 Moreover, as cells expand in response to antigen stimulation, the enhanced expression of T-bet driven by IL-12 generates populations of terminally differentiated cytotoxic effector cells. 99, 100 Conversely, Murali-Krishna and colleagues 94 demonstrated a severe block in CD8 + memory in IFNAR )/) CD8 + T cells during LCMV infections, perhaps because the cells failed to expand during the primary response. The mechanism for this defect has not been described. If IL-12 negatively regulates memory cell development while IFN-a/b positively regulates this process, it remains puzzling how memory cells develop when both of these cytokines are secreted during intracellular pathogen infections.
In mice, both IL-12 and IFN-a/b are sufficient to promote effector function in CD8 + T cells when activated in vitro, albeit IFN-a/b is not quite as potent as IL-12 in regulating cytokine expression. 86, 101 However, there seems to be less redundancy between these two cytokine pathways in driving human CD8 + T-cell effectors. Recently, Ramos et al. 102 compared the ability of IL-12 and IFN-a to promote cytokine secretion and lytic activity in primary naive human CD8 + T cells. In contrast to mouse, IL-12 induced robust lytic activity and secretion of IFN-c and tumour necrosis factor-a, but treatment with IFN-a alone had little effect on these activities compared with cells activated under neutralizing conditions. Two recent studies claim that IFN-a enhances IFN-c production 103 and granzyme expression 104 in human CD8 + T cells, but those reports only compared IFN-a to neutralizing conditions. Indeed, IFN-a does marginally increase IFN-c production over the baseline control, but this level is still 10-fold less than the magnitude of production induced by IL-12. 102 Consequently, IL-12 appears to be the main signal driving the expression of effector cytokines. However, while IFN-a failed to regulate effector cell development, IFN-a enhanced the development of CD8 + central memory (T CM ) cells. 102 This activity was unique to IFN-a, because IL-12 promoted only effector cell (T EM ) but not T CM development. These cells lack immediate effector function but rapidly acquire these responses following secondary stimulation, hence representing a functional memory population. Interestingly, when naive cells receive signals from both IL-12 and IFN-a, both T EM and T CM cells develop simultaneously, and they are derived from subpopulations of cells that differentially progress through cell division. The IL-12 programmes T EM phenotypes in actively dividing cells, whereas IFN-a induces T CM development by limiting proliferation and terminal differentiation in a subset of cells. These points are summarized in Fig. 2 .
Regarding the mechanism of this developmental programme, Ramos et al. 102 demonstrated that the development of distinct effector and memory phenotypes of human CD8 + T cells occurred through the reciprocal regulation of their respective cytokine receptors. Development of T CM was regulated by marked induction of the IFNAR with low expression of the IL-12R, whereas effector cells rapidly divided and progressively lost IFNAR while gaining IL-12R expression. Differential sensitivity to IL-12 and IFN-a therefore dictates the fate of cells that commit to T EM and T CM phenotypes. This study demonstrates for the first time that IL-12 and IFN-a are not redundant signals in the development of human CD8 + T-cell responses, instead creating a system for concomitant development of effector and memory human CD8 + T cells that is directly influenced by cytokine signalling. These observations offer an important leap forward in the understanding of human CD8 + T-cell development and indicate a new model for the role of innate cytokines in the genesis of memory and effector responses during infection.
Conclusion
In summary, our understanding of the role of type I IFN in T-cell development has historically been complicated by numerous differences between mice and humans. Nevertheless, the emerging picture shows that IFN-a/b plays an important and multifaceted part in regulating adaptive responses through both direct and indirect effects. Interferon-a/b directly enhances the development of CD4 + and CD8 + T cells with T CM characteristics, while also contributing to T EM development via collaboration with other cytokines or feedback by antigen-presenting cells. In addition, IFN-a/b ensures the proper differentiation of Th1 cells by restricting the development of alternative subsets like Th2 and Th17. This novel function is immunologically important for appropriate antiviral responses, and also suggests new therapeutic uses for IFN-a/b. 
